Parasitic flatworms (Neodermata) represent a public health and economic burden due to associated 14 debilitating diseases and limited therapeutic treatments available. Despite their importance, there 15 is scarce information regarding flatworm-associated microbes. We report the discovery of six RNA 16 viruses in the cestode Schistocephalus solidus. None were closely related to classified viruses and 17 they represent new taxa. Mining transcriptomic data revealed the broad distribution of these 18 viruses in Alaskan and European S. solidus populations. We demonstrate through in vitro culture 19 of S. solidus that five of these viruses are vertically transmitted. With experimental infections and 20 field-sampling, we show that one of the viruses is transmitted to parasitized hosts. The impact of 21 these viruses in parasite fitness and pathogenicity, and in host-parasite co-evolutionary dynamics 22 remains to be determined. The detection of six novel viruses in this first characterization of viruses 23 in Neodermatans likely represents a fraction of virus diversity in parasitic flatworms. 24 25 26 29
Introduction 27
Parasitic flatworms (Phylum Platyhelminthes) have long attracted attention for their high 28 prevalence in humans, livestock, and aquaculture animals, and for causing debilitating diseases. 7 Finally, three sequences similar to viruses of the families Totiviridae and Chrysoviridae (Figure   137 3) were found and named Schistocephalus solidus toti-like virus 1 (SsTV1), Schistocephalus 138 solidus toti-like virus 2 (SsTV2), and Schistocephalus solidus toti-like virus 3 (SsTV3). These 139 SsTV viral sequences showed the highest similarities to the partial RdRP sequence of Dumyat 140 virus (QAY29251.1, SsTV1, 27% aa identity and SsTV3, 28% aa identity), or to Hubei toti-like 141 virus 10 (SsTV2, YP_009336493.1, 36% aa identity). All three viruses had two ORFs ( Figure 3B) , 142 with the second protein encoding for a RdRP similar to Luteovirus, Totivirus and Rotavirus 143 (pfam02123). NCBI Conserved Domain Search (CDD) revealed that SsTV1 ORF1 encodes for a 144 protein with homologies to UL36 large tegument protein of Herpes simplex virus (PHA03247). 146 We inferred a phylogenetic tree using the predicted RdRP amino acid sequences from SsRV, SsJV, 147 and 111 representative members of the orders Jingchuvirales (31 sequences) and Mononegavirales 148 (88 sequences) ( Figure 1A ). All sequences clustered into previously established genera and 149 families ratified by the International Committee on Taxonomy of viruses (ICTV) except for the S. 150 solidus-associated viruses that constituted distinct clades ( Figure 1A, Supplementary figure 1) . 151 Our results show that SsJV belongs to the order Jingchuvirales, but likely represents a distinct 152 taxon from the family Chuviridae ( Figure 1B) . The most closely related viruses, based on the 153 conserved RdRP, is the Hubei myriapoda virus 8 which has a linear genome that encodes for four 154 proteins: a glycoprotein, two hypothetical proteins and the RdRP ( Figure S1 ). The most closely 155 related chuvirus with a circular genome is the Tacheng tick virus 4 that encodes for a glycoprotein, 156 a nucleoprotein and the RdRP. 157 Our phylogenetic analysis revealed that SsRV belongs to the family Rhabdoviridae, grouping 158 closely with Fox fecal rhabdovirus, Wenling dimarhabdovirus 8 and Wenling dimarhabdovirus 10. 159 Notably, SsRV represents a new taxon ancestral to Lyssavirus and to the dimarhabdovirus 160 supergroup ( Figure 1C ). The Bat rhabdovirus, Fox fecal rhabdovirus, and Wenling 161 dimarhabdovirus 8 and 10 from fish were discovered from metatranscriptomic studies and host 162 association had not been confirmed and was challenged by the authors (32, 33) . The complete 163 genome of the Fox fecal rhabdovirus, Wenling dimarhabdovirus 8 and SsRV were aligned and 164 compared to the genomes of Rabies virus ( Figure 1E) . In contrast to the Rabies virus, viruses 165 within these new taxa show variable length and seem to be characterized by the presence of one to 166 three small proteins in the region between G and L.
145

Evidence for new virus taxa in Schistocephalus solidus
8
We inferred a second phylogenetic tree using SsBV and the L segment of 78 representative 168 members of all assigned families within the order Bunyavirales (Figure 2 ). Phylogenetic analysis 169 confirmed that SsBV has no close known relatives and likely constitutes a new family of viruses.
170
SsBV was not found to be closely related to the bunya-like viruses discovered in the trematode 171 Schistosoma haematobium (Hubei blood fluke virus 1 and Hubei blood fluke virus 2) ( Figure 2A) . 172 We inferred a third phylogenetic tree using SsTV1, SsTV2 and SsTV3 together with 40 viruses 173 representing the families Totiviridae, Chrysoviridae, and unassigned members closely-related to 174 these families ( Figure 3 ). Phylogenetic analyses of toti-like viruses revealed significant differences 175 between the SsTVs. SsTV1 and SsTV3 cluster together and are most closely related to viruses 176 discovered in other invertebrates including Lophotrochozoa, Nematoda, Crustacea, and Insecta,
177
whereas SsTV2 was most closely related to viruses discovered in insects. consensus sequences obtained revealed that both viruses are distinct and display 95% and 52% aa 226 identity to SsTV2. Reads from all 15 individuals were then mapped against these partial genome 227 sequences, revealing that 13 individuals were infected by at least one virus, and many were co-228 infected by different viruses ( Figure S2 ). 230 We tested virus prevalence in plerocercoids from field-sampled sticklebacks from three 231 independent localities in the Matsu Valley, Alaska ( Figure 5A , Figures S3-S9 ). Overall, SsRV was 232 highly prevalent in S. solidus in all three tested localities, with an average prevalence of 81% in 233 plerocercoids. In contrast, SsJV, and SsTV2 were detected in 10% and 4% of plerocercoids, 234 respectively, while the remaining viruses (SsTV1, SsTV3, and SsBV) were detected in only 2% 235 of tested plerocercoids. Interestingly, while SsRV, SsJV and SsTV1 were found in all populations,
229
Prevalence and transmission mode
236
SsTV2 was only found in Cheney and Loberg lakes, and SsTV3 and SsBV were only found in 237 Loberg and Wolf lakes. Only 17.5% of plerocercoids across all populations were free of all viruses. 238 We tested virus presence in worms collected from twenty-four sticklebacks that were co-infected 239 by two or three plerocercoids ( Figure 5A , Figures S3 and S10 ). In many cases, virus-infected and 240 non-infected plerocercoids co-infected the same stickleback host. This was observed for SsRV 241 (eight instances), SsJV (two instances), SsBV (one instance), SsTV1 (two instances), SsTV2 (four 242 instances), and SsTV3 (two instances). Overall, 79% of the plerocercoids from co-infected 243 sticklebacks were SsRV(+), which is not significantly different from the overall prevalence in the 244 populations and suggests little to no horizontal transmission at this developmental stage. 245 We tested the presence of S. solidus-associated viruses in coracidia obtained from in vitro breeding 246 to assess the potential for vertical transmission. Both complete genome sequencing and diagnostic 247 PCR results indicated the presence of viruses in lab bred coracidia ( Figure 5A ). Among the 38 248 families that were obtained from outbreeding plerocercoids in vitro, thirty-four families were 249 SsRV(+), four families were SsJV(+), one family was SsTV1(+), one family was SsTV2(+), and 250 one family was SsTV3 ( Figure S9 ). None of the families were SsBV positive based on PCRs and 251 we later confirmed that none of the plerocercoids randomly selected for breeding were infected by 252 this virus. The lack of lab bred SsBV(+) families prevented further studies and testing of vertical 253 transmission for this virus. The presence of SsRV, SsJV, SsTV1, SsTV2, and SsTV3 in coracidia 254 indicates that these viruses are vertically transmitted.
255
To further determine the rate of vertical transmission, we experimentally infected copepods with 256 coracidia hatched from virus(+) families. The presence of viruses in procercoids was then assessed 257 for 50 individuals ( Figure 5B ). While SsTV2 and SsTV3 were found in coracidia, these families 258 showed very low hatching success, preventing us from conducting experimental infections of 259 copepods to test the rate of vertical transmission. SsRV and SsJV were found in all 50 tested 260 procercoids, indicating a 100% success of vertical transmission of both viruses (Figures S11-S13).
261
In contrast, 48% of the procercoids were infected by SsTV1 ( Figure S13 ). 269 To test SsRV, SsJV, and SsTV1 cross-species transmission to the first intermediate host, cyclopoid 270 copepods, we tested their presence in exposed but non-infected copepods. We did not test their 271 presence in infected copepods as the dissections were too subtle to ensure the absence of 272 contamination from S. solidus. SsRV, but not SsJV and SsTV1, was found in exposed but non-273 infected copepods ( Figure S13) . No virus was found in control non-exposed copepods. To confirm 274 that no contamination from S. solidus was present in exposed but not infected copepods, we used 275 S. solidus specific primers to attempt to detect the parasite ( Figure S15 ). S. solidus was not found 276 in any of these individuals. However, as we were unable to test if the viruses were associated with 277 copepod tissues or only present on the copepods surface.
Cross-species transmission to the hosts
278
To assess the potential for S. solidus-associated viruses to be transmitted to the intermediate fish Figure S16 ). The one fish that was successfully infected by a SsJV(+) parasite did not transmit 284 the virus to its fish host (Figure S16). Exposed but non-infected sticklebacks and control non-285 exposed sticklebacks were not infected by either virus (Figure 4 ).
286
To further test for the rate of cross-species transmission of the highly prevalent SsRV to the fish 287 intermediate host, the presence of SsRV was tested in the liver of field-sampled sticklebacks that 288 were infected by SsRV(+) parasites. Our results showed the presence of SsRV in the liver of all 289 24 stickleback infected by a SsRV(+) parasite ( Figure S18 ). Among those, 6 sticklebacks were co-290 infected by both SsRV(+) and SsRV(-) parasites, and yet the virus was found in the fish liver 291 tissue.
292
To assess the potential for SsRV, SsJV, SsTV1, SsTV2 and SsTV3 to be transmitted to infected 293 definitive hosts, we tested the presence of viruses within the secretory products of breeding adult 294 S. solidus. We found SsRV in the culture medium used for breeding all twelve SsRV(+) families 295 whereas we did not find SsJV, SsTV1, SsTV2, or SsTV3 in the culture medium that was used for 296 breeding families ( Figure S17 ).
297
Discussion
298
A glimpse into a parasitic flatworm viral diversity 299 In the current study, we used viral purification and shotgun sequencing to identify viruses from 300 the cestode S. solidus. We purified viruses from few individuals from three lakes in the Matsu hindering our ability to detect these segments through sequence similarity-based searches. Another 343 possibility is that SsJV may be satellite or helper virus encapsidated by another virus (43). This 344 could explain the fact that SsJV was detected in samples after nuclease treatment, its high rate of 345 vertical transmission and that it was never found in an individual that was not already infected by 346 SsRV. SsBV, however, was absent from sequencing purified viruses and was only discovered 347 because we sequenced total RNA, which may indicate its sensitivity to our viral purification 348 strategy (e.g., nuclease treatments). Thus, an alternative hypothesis is that SsBV lacks capsids or worms before breeding in order to assess the viruses' presence in each parent. Regardless of the 405 limitation of our design, the high rate of vertical transmission suggests that SsRV, SsJV, and 406 SsTV1 probably have low virulence, or may even be beneficial for S. solidus. This is further 407 supported by the presence of virus(+) and virus(-) parasites in co-infected sticklebacks indicating 408 that these viruses have a low rate of horizontal transmission at this developmental stage.
409
SsRV maintained high prevalence in all three tested populations and is cross-species transmitted 410 to its hosts, further suggesting that it could be beneficial for the parasite or detrimental to the 411 parasitized hosts. The absence of SsRV in the stickleback intestine indicates that the virus is likely 412 transmitted to the host while the parasite is developing to sexual maturity in the body cavity (51).
413
SsRV was found in the muscle of the body cavity, and in the spleen, liver and head kidney of SsRV was not found in any fish tissues when parasite infection was not successful, it was found 430 in copepods that were exposed to S. solidus but resisted infection. We used S. solidus specific 431 primers to confirm that the parasite was no longer present in exposed copepods and ensured that 432 the virus was indeed associated with the copepod. It remains to be determined if SsRV can replicate 433 in copepods and infect S. solidus that the copepod may encounter at a later time. Copepods could 434 potentially serve as vectors or reservoirs of SsRV, facilitating horizontal transmission between 435 procercoids. That being said, our knowledge of S. solidus prevalence and exposure rate in 436 copepods in field settings is very limited. Therefore, we can only speculate regarding the potential 437 role of copepods in SsRV ecology.
438
In contrast, SsJV, SsTV1, SsTV2, SsTV3, and SsBV had low prevalence in all Alaskan tested was collected. Whole plerocercoids and fish tissue samples were transferred into RNA later for 512 future analyses.
513
In-vitro culture of S. solidus plerocercoids 514 Freshly collected plerocercoids were used for in vitro breeding by placing size-matched pairs into 515 sealed biopsy bags (26, 50, 73) . Each pair was incubated for 4 days at 40°C into 250ml of 516 Minimum Essential medium (MEM Sigma M2279) enriched with HEPES buffer (Sigma CAT# 517 83264, 50ml l -1 ), Antibiotic antimycotic (Sigma CAT# A5955, 10ml l -1 ), L-glutamin (Sigma CAT# 518 G7513, 10mmol l -1 ) and glucose (Sigma CAT# G7021, 40ml l -1 ). Eggs were collected and the 519 culture medium was replaced every 48 hours for 4 days. Upon collection, the eggs were washed 5 520 times in sterile water and stored at 4°C in the dark. Families were bred for parasites from each 521 lake, resulting in 16 families from Cheney lake, 13 families from Wolf lake, and 9 families from 522 Loberg lake. Plerocercoids used for breeding were then transferred into RNA later and a sample 523 of culture medium was mixed V/V with RNA later for future analyses. 525 Newly hatched coracidia from S. solidus families from Wolf Lake (six families), Loberg Lake 526 (two families), and Cheney Lake (two families) known to carry SsRV or SsJV viruses (detected 527 via PCR, see below) were used for a second sequencing effort to complete the genomes and 528 potentially detect more viruses. To stimulate egg hatching, eggs were incubated in deionized 529 water for 3 weeks at 22°C in the dark before being exposed to UV light for 1 hour, placed in the 530 dark overnight and exposed to UV light for 3 more hours (50). Newly hatched coracidia were 531 collected through centrifugation at 6,500 rpm or 5 min at 4°C. To purify viruses, coracidia 
524
Egg hatching and processing for virus detection and sequencing
561
Sequences were processed through the University of South Florida high performance computing 562 cluster. Raw sequences were trimmed for quality and to remove indexing adapters using 563 Trimmomatic version 0.36.0 (74) with default parameters except for a read head crop of 10 bp 564 instead of zero. Sequence quality after trimming was verified with FastQC version 0.11.5 (72).
565
Due to the high number of indexing PCR cycles, quality-filtered sequences from the V-library 566 were assembled following a pipeline for PCR amplified libraries (75). To do this, sequences 567 were dereplicated using the Clumpify tool from the BBtools package 568 (sourceforge.net/projects/bbmap/). Dereplicated sequences were then assembled using single cell 569 SPAdes (76). Quality-filtered sequences from the T-library were assembled with RNAspades.
570
Contigs larger than 1000 bp were compared (BLASTx, e-value < 10 -10 ) against a viral protein 571 database containing sequences from the NCBI Reference Sequence (RefSeq) database (RefSeq 572 Release number 93, https://www.ncbi.nlm.nih.gov/refseq/). This sequencing effort resulted in the 573 detection of contig sequences representing SsJV, SsRV and two novel toti-like viruses, named 574 SsTV1 and SsTV2. As part of an iterative approach, contig sequences were compared against 575 viral sequences detected from parasite datasets, including newly detected S. solidus viruses, 576 leading to the detection of a novel bunya-like virus and a third toti-like virus, named SsBV and 577 SsTV3, respectively. 579 Quality filtered reads and contig sequences associated with each of the viruses were retrieved by 580 comparing sequences through BLASTn to a database containing newly identified contig 581 sequences, including those from the original assembly done in Trinity, and closely-related 582 sequences. All reads and contigs were re-assembled using the default overlap-consensus 583 algorithm implemented in Geneious version R7. All assemblies resulted in near-complete 584 genome sequences represented by a single contig, with the exception of SsRV for which genome 585 gaps were closed through targeted PCR (primers listed on Table S1 ). To complete genomes,
578
Viral genome completion
586
RNA samples from families originally pooled by lake were screened for each of the viruses to (Table S1 ). The genome ends of the remaining viral sequences were completed through 592 RACE (primers provided in Table S2 ). Prior to 3'RACE reactions, RNA extracts were denatured 593 at 95ºC for 6 minutes and placed on ice immediately to prevent RNA reannealing (78). 
